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ABSTRACT

The theory of wuve propagation in the ionosphere, supported by experi-
mental measurements, 1s used to demonstrate that regular ampiitude varia-
tions in HF sweep-frequency oblique-ionogram one-hop rays - when linearly
polarized receiving antennas are employed - are due to corresponding vari-
aticns of the received wave polarization with radio frequeacy. Over quasi-
longitudinal paths the rate of occurrence of these variations with frequency
(at some instant of time) was found (using computer raytracing techniques)
to increase with increasing radio frequency and path length, and with in-
creasingly close alignment of the propagation path with the longitudinal
component of the earth's magnetic field. In addition, this rate is shown
to be proportional to the group propagation-time difference between the
two magnetoionic wae components at a given frequency. This relation ex-
plains certain remarkable features of the rate of occurrence of the vari-
ations.

Experimental measurements demonstrate that the position in the spectrum
of the observed amplitude maxima moves with time in a manner consistent with
individual-mode polarization rotation with time at a given frequency. An
experimentally determined statistical description of this behavior is ob-
tained for winter-noon conditions.

At some given time, amplitude variations of received signal strength
as a function of frequency due to polarization rotation are shown to impose
bandwidth limitations on pulsed or broadband skywave transmissions where
waveform preservation is important. A measure of this limitation, expressed
in terms of a coherent bandwidth, is proposed.

A model for the one-hop ionospheric signal channel is derived whose
parameters are the rate of change of polarization rotation with frequency
and the phase vs frequency characteristic of the path. These two param-
eters are shown to be readily determined from FM-CW or equivalent oblique-
path sounding records. Using this model, predictions are made of the

effects of polarization rotation with frequency, and also of ionospheric
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dispersion or phase distortion, cn the envelope shape of short-pulsr

signais. A pronounced waveshape distortion due to the effects of polari-
zation rotation on the pulse envelope was observed when the signal band-
width appreciably exceeded the "polarization bandwidth" for the path.

A method for skywave communication is proposed which involves polar-
ization modulation and antennas that launch characteristically polarized
waves. Experiment shows that this method possesses certain interesting
properties not shared by other conventional modulation techniques.

It is proposed that the relation between magnetoiouic group time and
polarization be applied to FM-CW or equivalent oblique ionograms to deter-
mine the size of valleys in, and low-altitude values of, the electrcn
density profile at midpath.

Polarization fluctuations of received ionospherically propagated waves
are proposed as potentially useful indicatots of the occurrence and loca-

tion of ionospheric disturbances.
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Chapter 1
INTRODUCTION

The purpose of this research was to iavestigate the polarization of
HF time~harmonic electromagnetic waves traveling over obligue-incidence
ionospheric paths. Wave-polarization changes within the ionosphere are

due to the presence of the earth's magnetic field. These changes, some-

1

times called Faraday rotation, were first observed in 1830 [1} when po-
larized light wes passed through "heavy glass' under the influence of an
applied lonrgitudinal magnetic field.

The *heory of wave propagation in the ionosphere, supported by a series
of experimental measurements, is used to demonstrate that regular amplitude
variations in the structure of sweep~-frequency HF oblique~ionogram one-hop
rays are due to the effects of the variation of the received wave polari-
zation with frequency. The rate of change of these variatioi ' as a func~
tion of frequency (at some instant of time) over quasi-longitudinal! (QL)
paths is shown to be equal to one-half the group propagac cn~time difference
between the magnetoioni~ wave components at a given frequency. This re-
lation is used to explain certain remirkablie features of the rate of
occurrence with frequency of the amplitude variations. Experimental mea-
surements are described that show that the amplitude variatiors move with
time in the frequency spectrum in a manner consistent with individual~-
mode CW polarization :otatfon with time. An experimentally based statistical
description of the motion of the amplitude variations is determined as a
function of both frequency and time. Computer raytracing predictions are
employed to predict the variation of received skywave polarization as a
function of frequency and azimuth. Polarization change. over both QL and
QT (quasi-transverse) paths are considered.

When a linearly polarized CW skywave signal is received with a lin-
early polarized antenna, polarization rotation produces a variation of
signal strength with radio frequency. The resulting amplitude vs frequency
characterlstic is shown to impose a bandwidth limitation on skywave trans-
missions where wavefcrm preservation is important. A coherent bandwidth

criterion, called poularization bandwidth, is proposed for skywave sigrals.

1 SEL 57~-091
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This criterion is equal to the bandwidth within which the incoming wave
polarization varies 90°. It is shown that polarization bandwidth sets a
more gevere restriction on channel capacity than that imposed by phase
distortion. Computer raytracing is employed to determine the variation
of polarization bandwidth wirh frequency and azimuth.

A model for the ionospheric signal channel is derived whose two param-
eters are the rate of polarization rotation with frequency and the phase
vs frequency characteristic of the path. These two quantities are shown
to be readily determined from oblique-path sounding records. The general
validity and usefulness of the model!, and also the significance of polari-
zation bandwidth, are demonstrated by piadicting ionospheric pulse dis-
tortion over a given skywave path. It is shown that the results may be
applied in chuosing an optiwmum antenna polarization and in designing
schemes for "equalizing" the dispersive parameters of the ionospheric
channel.

Other applications of polarization phenomena are considered. A
method for skywave communications which utilizes polarization modulation
is proposed and verified experimentally. The method poasesses several
sdvantages over conventional modulation techniques. It is also proposed
that Sy applying the relation between the magnetoionic group-time dif-
ferential and the rate of change of polarjzation with frequency, oblique
ionograms may be put into a form such that the size of valleys in, and the
low-altitude values of, the electron density profile at midpath may be
determined. Several techniques are proposed for utilizing the measured
polarization of received skywave signals in order to register and localize

ionospheriz disturbances.

SEL-67-091 2




Chapter II

THEORY OF FARADAY ROTATION IN THE TONOSPHERL

Faraday rotation is a variation of the plane of polarization {due
to the presence of a magretic field) of time-harmonic waves propagating
in a birefringent medium. At radio frequencies Faraday rotation can
occur in the ionosphere. The three limiting forms of the polarizatioan
ellipse are described in this chapter. Ionospheric propagation is intro-
duced with a discussion of the characteristic polarizations of magneto-
ionic wave components and the quasi-longitudiril and quasi-transverse
regimes. Polarization (Faraday) rotation phenomena are then considered.
A result is derived relating the magnetoicnic group propagaticn-time
differential to the frequency-rate of polarization received over a ¢uasi-
longitudinal one-hop skywave path. Computer predictions of polarization

rotation are made as a function of azimuth and transmitted frequency.

A. Polarization of Radio Waves

In this section the polarization of time-harmonic, plane, propagat-
ing zadio waves is defined and discussed. This subject is considered be-
cause different definitions for polarization are employed in the vsrious
fields that deal with elec.romagnetic phenomena. The derivation of the
parameters of the polarization ellipse follows the line of Born and Wolf
[{2]; however, engineering conventions rather than those of optics are em-
ployed.

Polarization refers to a spatial characteristic of an electromagnet-
ic wave at a particular point in space. In general, the wave polarization

will be different at different locations, as in the case of ionospherical-

ly propagated radio waves. As used here, the term "polarization" describes

the locus of the end points of the electric vector E. With respect to a
fixed right-handed Cartesian coordinate system (with the 2Z axis aligned
along the wave normai), the field of a plane wave at a given location in

free space may be written:

3 SEL-67-091
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=

+ Al
Ex = e cos (wt ox

F = e cos (wt +
y y o)')

E =0
z

where , is radian frequency and ¢ 1s phase. Expanding the cosine

term and rewriting gives:

E E

X S A - -

= sin ¢y " sin ¢, = cos ut sin (¢y ox)
x y

Ex El

q cos ¢ - : cos ¢, = sin wt sin (¢y - 4>x)

Squaring and adding gives:

E 2 E 2 E_E 2
_x.+_1 -z.l._l_sin (¢-")-0
e e e_e y X
X y X Yy

The above equation is that of an ellipse describing the lccus of the
electric field vector in the plane pe.pendicular to the wave normal. This
polarization ellipse is drawn inside a rectangle in the X-Y plane in Fig.
1. 7The lengths of the sides of the rectangle are 2e1 and 2e2, and v
is the tilt angle of the ellipse with respect to the X axis.

In order to obtain the angle V¥ (a variable which is important in
describing rotating polarizations) as a function of the coordinate system
orientation, it is necessary to transform the above egquctions to the

X'-Y' axes (the axes of the ellipse). This rotation transformation may

be written:

SEL-67-091 4
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Fig. 1. THE POLARIZATION ELLIPSE.

E'=E cos Y+ E sin ¥
x x y
E'=<f sin Y+ E cos ¥
y X y

The equations of the ellipse in the primed coordinate system are:

' o o!
Ex e cos (wt + ¢)
E' = te' gin (wt + ¢)

y y v

The * indicates the sense of rotation of the E vector, and e; and
e; are the semiaxes of the ellipse. These equations may be solved for

e;, e;, and Y. The results are:

2 e o o2, L2
(ex) + (ey) e + ey
X

tan 2Y = (tan 2a) cos (¢y - ¢.)

sin 2y = (sin 2a) sin (¢y - ox)

5 SEL-67-091




where tan a = =L

and
L

e
tan x = ¢t :¥
p S

The above equatinns enable transformation between e;, e;, ¥, which
specify the shape o. the ellipse and its orientation with respect to a
fixed set of axes, and e ey, (¢y - ox), which are measurable wave
parameters.

The above analysis may be extended to nonplanar waves which may
occur, for example, in lossy media or for surface waves. For nonplanar
waves the polarization locus is an ellipse whose shape may be related
to the fields along specific axes in a manner similar to the developuent
above. The interested reader is directed to Ref, 2,

There are three special cases of elliptical polarization. Each is
characterized by certain values of R = Ex/Ey’ the wave polarization
index. Linear polarization is characterized by R = tex/ey, implying
(oy =¢) =0 or some multiple of 180°. For thia case the polariza-
tion ellipse reduces to a straight line; hence there will be some choice
of axis orientation for which only one field component will be nonzero.
Left-hand circular polariza*ion occurs when R = -j, implying Iexl n
|ey| and Ex = Ey < =90°. For this rase the field vector describes a
left-hand screw as it propagates (corresponding to the direction of the
fingers of the left hand when the thumb is aligned in the direction of
propagation). Right-hand circular polarization is said to occur when
R = 4],

B. The Characteristic Pclarizatious of the Ionosphere

The ionosphere, because of the presence of the earth's magnetic
field and of electrons, is an electrically doubly refracting anisotropic
medium which is slowly varying (W.K.B. approximation [3]; this approxima-
tion allows consideration of polarization phenomena using equations derived

for a homogeneous medium). An arbitrary wave excited within the medium will

SEL-67-091 6
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travel as two independent waves, each wave having a spe.ific characteristic
polarizacion which in general is different at each point in the medium. A
characteristically polarized wave, by definition, propagates in a fixed di-
rection with respect to the earth's magnetic field without any change in
polarization. In free space a wave of arbitrary polarization propagates
without any change in its polarizatiom.

The ionospheric characteristic polarizations (at a given point in
space), as determined from the Appleton-Hartree squations, fall to a good
approximation within two regimes. For a typical ionospheric path at HF,
the quasi-longitudinal (QL) regime occurs for angles from 0° to approxi-
mately 84° between the propagation direction and the earth's magnetic
field. The two characteristic wave polarizations in this regime are near-
ly circularly polarized, ona with a left-hand sense and the other with a
right-harnd sense. The quasi-transverse (QT) regime occurs for angles be-
tween 87° and 90°., The two characteristic wave polarizations in the QT
regime are nearly linearly polarized, one with a major axis aligned along
the earth's magnetic field and the other with a major axis aligned across
the field. The angles for which propagation does not fall within one of
the above regimes are a rfunction of the relative magnitudes of the wave,
plasma, and collision frequencies. Refer to Ratcliffe {4] for a dis-
cussion of the conditions under which the QL and QT regimes are valid.

When a radio wave traverses a skywave path, it may pass through both
regimes. In this case, it is the exiting, or limiting, polarization that
determines the wave polarizationr incident upon the receiving antenna.,

The concept of limiting polarization may also be applied when consider-
irg the manner in which the transmitted wave is split into magnetcionic
compont "ts upon entry into the ionosphere.

The term "ordinary" is assigned to the QT wave whose eiectric vector
is aligned along the earth's magnetic field. As the direction of propa-
gation with respect to the earth's field becomes increasingly longitudi-
nal, the ordinary mode becomes first elliptically and then circularly
polarized (the QL regime) in the left-hand sense if the sign of the com-
ponent of the earth's field aligned along the raypath is positive, as
with downcoming waves in the northern hemisphere. The QT wave whose

electric vector is aligned across the earth's magnetic field is called

7 SEL-67-091
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"extraordinary." This term also is given to the right-hand circularly
polarized QL vave whose raypath is alignedl along a positive component cf
the earth's field.

C. Faraday Rotation

Faraday rotation in the ionosphere is due to magneioionic splitting
of the radio wave in which two components result: one ordinary and the
other extraordinary. Each wave component travels through and is reflec-
ted from the ionosphere nearly independently with different phase and
group velocities. The difference in phase velocities of the two modes
produces the change in wave polarization. Two cases of Faraday rotation,
corresponding to the QL and QT regimes, are considered. In practice, near-
ly all skywave paths except those disposed along the equator are quasi-
longitudinal; however, it is common for esst-west paths to have a small
QT region located between twc QL regions.

Under QL conditions, a linearly polarized wave transmitted into the
ionosphere is split into two circularly polarized components of nearly
equal magnitude. At any point along the path, these two modes sum to a
linsarly polarized wave (Fig. 2a), assuming that the two magnetoionic
modes follow the same trajectory. The difference in the phase velocities
between the modes causes the plane of polarization of the linearly polar-
ized wave to rotate as the wave nrogresses along the path (Fig. 2b). The
sense and rate of rotation are a function of the orientation of the earth's
magnetic field with respect to the raypath. Specifically, the polariza-
tion tilt angle Y in turns (units of 360°) is given by

1
Y = ) (Po = Px)

where Po and Px are the phase paths (in wavelengths) of the ordinary

and extraordinary waves, respectively (5].

> |

J.ux ds

1
Po Ajuods Px
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(a) Two equal-amplitude circularly polarized waves having identical
phase velocities that sum to produce a linearly polarized wave
of fixed polarization

LEFT
HAND

RIGHT
HAND

LINEAR

(b) Two equal-amplitude circularly polarized waves having different
phase velocities that sum to produce a linearly polarized wave
of rotating polarization

Fig. 2. QL FARADAY ROTATION.
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where A 1is the free-space wavelength, and o and W, are the indices
of refraction for longitudinal propagaticn. The integral is taken over

the raypath. Assuming nc collisions,

1/2
X
Mo ° ( Tl Y) )
x ’

For quasi-longitudinal propagation, Y 18 replaced by Y

L’ the longi-
tudinal component of Y. At the receiving antenna, or at a given point

along the raypath,

w
Y f 2c (uo - ux) da
path

where c¢ 1is the speed of light in free space. Equation (1) may be writ-

ten appreiimately as:

X -
My " l- 2 (13 YL)
X
when X << 1. Then
w, W, cos O
N'H
po ux = XYL m3

Additional terms in the square root expansion may be employed [6]; however,
higher order terms may be neglected at HF for skywave paths. Evaluating
the polarization tilt angle,

&3

B e B N cos 8§ ds
QL 8w2m25 cfz J’ °
o path
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where Bo is the magnitude of the earth's magnetic f.:ld, e is elec~-
tronic change, f is frequency in hertz, and N 1s electron density.
The term preceding the integral (excluding the frequency factor) hac a
value of 2.365 x 104 ccul-mz/kg-s in rationalized MKS units. This equa-
tion indicates that the received polarization of waves propagated over
QL paths may vary with frequency and with changes in the ionospheric pa-
rameters, and that the number of polarization rotations over the path is
a measure of the integrated electron content.

For QT propagation, Faraday rotation in the strict ser.se occurs,
but there is no net accnmulation of turns as under QL conditions. The
phase difference between the two linearly polarized characteristic waves
changes as they travel through the iornosphere. For the sp..ial casa of
transmitting a linearly polarized wave that excites each of two magneto-
ionic components equally or for a circularly polarized wave, the total
wave polarization will progress cyclically from linear to elliptical to
circular (of one sense) to elliptical to linear (90° rotated in polariza-
tion from the initZal wave) to elliptical to circular (of the opposite
sense) to elliptical to linear (identical to the transmitted wave), as
shown in Fig. 3 for one linear-to-circular polarization transitior. In
the general case of incident elliptical or randomly aligr=d linear polar-
ization, the wave polarization will vary in a complex manner, but thure

will always be some points in space at which the polarization is linear.

D. Computer Predictior of HF Oblique-Path Polarization Rotation with

Frequency and Azimuth

The purpose of this section is to predict the manner in which
oblique—-path polarization rotation varies as a function of raypath azi-
muth and transmitted frequency. It was shown in Section C that, for an
oblique skywave path under QL conditions, the incoming wave polarization
incident upon the receiver is directly proportional to the rhase path
difference between the extraordinary and the ordinary rays. Thus, any
physical phenomenon that varies the phase paths would change the re-
ceived polarization with time; examples are slow internal ionospheric

motions and changes in sateliite location (for satellite-earth naths).
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(a) Phase difference of 0° producing linear
polarization

ONE CYCLE ONE ZYCLE ONE CYCLE

(b) Phase difference of 4%° producing elliptical

polarizaticn

Fiz. 3. QT FARADAY ROTATION.
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ONE CYCLE ONE CYCLE ONE C\CLE

(c) Phase difference of 90° producing circular
polarization

Fig. 3. CONTINUED.

For single mode paths (e.g., one-hno lower ray), polarization changes
with time produce alternate signal strength maxima and nulls as a func-
tion of the angle between the received polarization and the receiving
antenna. In the polarization-rotation-with-frequency case the relative
phase between the extraordinary and the ordinary components varies with
frequency, partially be :ause of changes in raypaih trajectory, so as to
produce a linearl; polarized wave whose plane of polarization rotates
with freguency. In.a linea~ly polarized receiving antenna such a wave
produces signal amplitude variations with frequency. This amplitude vs
frequency characteristic, which may be characterized by the rate of po-
larization rotation with fraquency (abbreviated to "frequency rate'),
can be detrimental to the transmission of broadband and/or short-pulse
skywuve signals. This subject wil! be discussed iu detail in Chapter
Iv.
Calculations were pe-formea .ith a digital computer raytracing pro-

gram developed by Croft {7] using the quasi-lengitudinal =pproximation.

The program input consists of ionospheric electron density vs height,

13 SEL-67-091
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takeoff elevation angle and aziruth nf trar::iiied rays, transmitted
frequency, and transmitter latitude. The output consists of the total
polarization rotatlion for the ground range at which each ray hits the
earth. (Elevation angles for each frequency are chosen sn that the
transmitted rays land in the neighborhood of a fixed ground rarge; the
Jolarization rotation can then be determined by interpolation.) By per-
forring the calculations for many frequencies, polarization rotation as
a function of frequency for one-hop paths is found. In addition to the
polarization rotation information, the vomputer also calculates the no-
field group and phase tim2 delays incurred by each ray.

The number of polarization rotations executed by a one-hop signal as
it travels f:om the transmitter into the ionosphere and reflects back to
a receiver on the ground was determined as a function of frequency for
rays transmitted at an azimuth of 45° east of magnetic noxth, and as a
function of azimuth for 10.5 and 17.5 MHz, All calculations were made
assuming a transmitter location at a latitude of 38° and a receiver loca-
tion at 2000 km ground range from the transmitter. The ccncentric, single-
layer Chapman ionosphere that was employed is shown in Fig. 4 together
with the cocresponding 2000 km, computer-generated oblique ionogram [8].
The vertical critical frequency was 9 MHz, giving a path maximum usable
frequency of abcut 21.5 MHz. A dipole approximation to the earth's mag-
netic field aligned with geographic coordinates was employed,

Polarization rotation vs frequency for the 45° azimuth case is pre-
sented in Fig. 5 with the corresponding polarization rotation rate. Po-
larization rotation rates as a function of azimutn for 10.5 and 17.5 MHz
are given in Fig. 6. The results are symmetric about the geomagnetic me-
ridian. Figure 7 shows the corresponding phase time delay (1l/c f u ds)
vs frequency fcr the no-field case. The phase time delay varles almost
linearly at 5.7 us/MHz for 10.5 MHz and at 7 us/MHz for 17.5 MHz. Polar-
ization rotation i4 not defined near the MOF (maximum observable frequen-
cy) of the one-hop mode because only the extraordinary mode is present.

The results indicate that the frequency rate of polarization in-
creases with increasing frequency and with increased alignment of the
longitudinal component of the earth's magnetic field along the raypath.
This effect is expected since higher frequerncies follow longer paths

SEL-67-091 14
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(b) Corresponding 2000-km, computer-generated oblique ion gram

: Fig. 4. IONOSPHERIC MODEL.
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FUNCTION OF FREQUENCY.
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Fig. 7. PHASE TIME DELAY AS A FUNCTION OF FREQUENCY.

between transmitter and receiver. The results also predict the occurrence
of alternate r2ceived signal strength maxima and nulls wh. se rate of occur-
rence corresponds to that of polarization rotation. It follows from the
above discussion that polarization is not defined for a pulse or any cother
signal whese transform possesses many frequency romponents, for each com-
ponent may possess a different polarization.

E. The Relation between Group Time Delay and Polarization Rotation

A new relation between the frequency rate of polarization rotation
and the group propagation-time difference between magnetoionic components
will now be derived. The number of cycles of polarization rotation that

a wave undergoes while traveling over a QL lonospheric path is equal to
one-haif the difference between the phase patrhs (in wavelengths) of the
ordinary and extraordinary components. It follows that the frequency rate

of polarizacion rotation at the receiver is

a1 o
af 2 \af of

Bennett {9] recently demonstrated that the well-known relation between

group time delay and phase,

Tg =F 3)
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may be applied in a slowly varying medium (with no collisions) even when
the ray direction and the wave normai do not coincide. Combining Eqs.
(2) an® (3) ’

Y 1
of 2 (Tgo - Tgx) (4)

Thus a polarization rotation rate of 1 turn/MHz corresponds to a 2 us
group time difference. The right-hand side of Eq. (4) car be either pos-
itive or negatlve.

The frequency rate of polarization rotstion may be determined, if
linearly polarized antennas and narrowband sounding signals are employed,
by obsurving the variations in received signal strength as a function of
frequency. However, this technique provides only the absolute value of
the left-hand side of Eq. (4). The ambiguity may be ra2sclved, if an ob-
lique ionogram is available, by following the sign of the right-hand side

of the equation from che junction frequeucy or upper ray of the mode being

considered. The extraordinary MOF will aiways exceed that of the ordinary.

The ambiguity may also be eliminated if the phase difference between char-
acteristic modes is measured directly.

In applying the above result to oblique-path sounding it 1s helpful
to view both the magnetoionic group propagation-time difference and the
frequency rate of received polarization as characteristice of the raypath.
It is assumed that the radio frequency interval between soundings, as well
as the bandwidth of the probing signal, is appreciably smaller than the
bandwidth required for one turn of incoming polarizatior. The terminal

equipment employed determines to a large extent whether one expzrimentally

observes signal amplitude variations with frequency or the two magnetoionic

components on an icnogram, or alternatively, whether a single distoited
pulse or two less-distorted pulses is received.

Consider a single very short pulse transmitted over a path in which
the ordinary and extraordinary group time difference is larger than the
pulse duration. Assuming negligible phase distortion (which may lengthen
the pulse), an ideal receiver (one with perfect time delay resolution)

would receive two undistorted pulses. If the receiver resolution was not

@
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perfect, each transmitted pulse would produce a pulse with "tails" due
to ringing witnin the receivers. If the tails of the two pulses overlap,
the resulting amplitude is a function of the relative phase between each
of the pulses' frequency components.

The above results are not valid for all ionospheric paths. Specif-
ically, the relation cannot be applied to paths possessing a QT region
located between two QL regions, because the sign of the longitudinal com-
ponent of the earth's magnetic field changes as the QT region is crossed.
Under these conditions the polarization angle which has been "winding up"
on one of the QL paths, for example, winds iu the opposite direction on
the other patli. This effect occurs because of an interchange of the sense
of circular polarization from one magnetoionic mode to the other, since
R= -j|YL|/YL for QL paths. Tne index of refraction yu 1is not affected
by the sign change; thus, the group time difference between modes contin-
ues to increase on the szcond part of the path. The problem of determin-

- ing satellite-to-earth integrated electron content in the presence of QT

regions by CW polarization rotation measurements is discussed by Dulk [10].

19 SEL-67-091
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Chapter III

POLARIZATION MEASUREMENTS

When an HF skywave signal is received on a linearly polarized antenna,
polarization rotation in the 1lonosphere may produce a variation of re-
ceived signzi strength with both time and radio frequency, as shown
theoretically in the previous chapter. Oblique-path HF measurements are
now described which were designed tc investigate the phenomenon c¢f polar-~
ization rotation with frequency and to confirm theoretical predictions.
The experiments utilized a high resolution FM-CW sounding system operated
over the 1900 km east-west temperate zone path from Lubbock, Texas to
Stanford, California, as shown in Fig. 8. Cross-polarized log-periodic
recelving antennas were employed to provide vertically, horizontally, and
circularly polarized reception simultaneously. A horizontal rhombic an-

tenna was also employed for some tests.

STANFORD, CAL.
oRECEIVING SITE

LUBBOCK, TEXAS
o TRANSMITYING SITE

\Nd
Fig. 8. TRANSMITTING AND RECEIVING SITE LCCATIONS. i

Measurements were performed to determine the frequency rate of polar-

ization rotation as a function of frequency, and to obtain a description

21 SEL-67-091
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of polarization-induced amplitude nulls appearing on gcoup time delay vs
transmitted frequency re¢:ords (oshlique jonograms). An experimental pro-
cedure, fundamental to the design of adaptive communication systems, was
developed for obtaining a correlation description of the amplitude and
phase of the ionospheric channel. Certain anomalous variations in the
frequency rate of polarization rotation as a function of frequency, which
were not predicted by the calculations of Section Il1-D, are explained by
applying the theoretical relation between magnetoionic group time differ-
ential and polarization rate derived in Section II-E.

A. Experimental Arrangements

1. FM-CW Souvnding System

Sweep-frequency CW sounding equipment, developed by Fenwick and
Barry [11], was employed. The receiving equipment is shown in Fig. 9.

Fig. 9. RECEIVING EQUIPMENT.
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Two similarly modified frequency svnthes®zers were employed, one for use

. as a transmitter exciter and the other to generate the receiver first-

Ciermpr Y

mixer injection signal. A close approximation to a CW signal having a

linearly increasing frequency is generzted by rapidly ~nd phase coherently

—

switching the synthesizer frequencies as shown in Fig. 10. Operation of

j
|
|
|
|
|
|
|
|
|
|
|

_

HP S5I00A - 5110A

FREQUENCY SYNTHESIZER |

(MODIFED) I
I

VARIABLE -FREQUENCY
SECTION

FREQUENCY
SECTION P

SWEE
OUTPUT

|
l FIXED-FREQUENCY
|

CLOCK

TO_SWITCHING
PULSES GATES

SWEEP CONTROL
CIRCUITS

Fig. 10. BLOCK DIAGRAM OF FREQUENCY-SWEEP SYSTEM.

the sounding system proceeds as follows: The transmitted signals arrive
at the receiver with each frequency component of the sweep-frequency sig-
nal yhase shifted and attenuated according to the characteristics of the
ionospheric channel transfer function. The signal is mixed with a rep-
lica of the transmitteu waveform which has been translated up in frequency

(by 18 MHz) to produce an IF signal. The IF signal 1s received by a com-

munications receiver employing product detection to produce an audio signal
| which is recorded on magnetic tape. Since a linear frequency sweep 1s
| employed, calibration marks placed on the tape to indicate the beginning
of a sweep allow the transmitted frequency to be determined.
The phase nf the audio signal during a frequency sweep corresponds
to the phase vs frequency characteristic of the ionosphere. Hence, when

the frequency components of the signal are displayed with a spectrum

. analyzer, the components that appear are a measure of tne relative group

| propagation-time delay through the channel. This relation ~ssumes that
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the ionospheric doppler shifts due tc¢ motions within the ionosphere are

negligible compared with frequency shifts due to grcup propagation-time

delay changes. For a 1 MHz/s FM-CW sweep (the sweep rate for the experi-

ments here described; ionospheric doppler shifts on the order of 1 Hz

produce a 1 us group time shift, much less than the group time accuracy
required. A Mod . 480-10 Spectran spectrum analyzer was employed.

The ampl: ude of the received FM-CW signal corresponds to the ampli-
tude transfer function of the ionosphere. Hence a display of frequency
vs time vs amplitude (in the 2 dimensioun) corresponds to the group time
vs frequeucy description of the ionospheric channel called an oblique
ionogram (see Fig. 11). Unless extremely accurate freguency standarcs
are employed to synchronize ti., ‘ng pulses at the transmitter and receiver,
the oblique ionogram displays only relative group time over the path.
For the purposes of studying ionospheric polarization effects, this level

of accurecy is sufficient.

3
-
- 2
(]
; ——— §
>
3
-
<
-l
= - -—
TIME (sec) - FREQUENCY [MH1)
4
<

ﬁfv

Fig. 11. THE EQUIVALENT REPRESENTATIONS EMPLOYED TO RELATE
FM-CW SOUNDER OUTPUT TO OBLIQUE TONOGRAMS.

2. Antenna‘.
Two types of receiving antennas were employed, one of which was

designed and built for the polarization experiments. This latt'r antenra

consists of two ¥y-Gain LP-13-3C log-periodic arrays, shown in Fig. 2,

SEL-67 -091 )4




Fig. 12. CROSS-POLARIZED RECEIVING ANTENNAS.

both pointed toward the tran?mitting site. [ne Yagl antennas shown on the
leit of Fig. 12 are a-¢ in the forward field of view of the log-periodic
antennas. One of the receiving antennas is mounted vertically at 76 ft
height; the other is mounted horizontally at 54 ft. These hefghts were
chosen so that the mainlobe vertical patterns would nearly coincide. The
ground slcpes at about 5° upward in front of the antenmnas. Cross-coupling
between the antennas was determined experimentally to be better than 40 dB
across most of the HF band. VSWR vs frequency curves for the antennas were
determined and found to be nearly identical. Signals from these two anten-
nas reach the receiving trailer through approximately 1200 ft of equal-
length RG-8 cable, introducing about 20 dB loss. T.e signals from the two
antennas were combined to provide a circularly polarized antenna capability.
For the case in which the vertical antenna is obtained by rotating the hor-
izontal antenna longitudinally 90° in a counterclockwise direction from the

rear, a 20° phase-shift network irserted in the cable to the horizontally
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polarized antenna creates an antenna pair whose sum and difference signals
correspond to that which would have been received with a left- and right-
hand circularly polarized antenna, respectively (see Fig. 3c). For the
FM-CW experiments, a 90° phase-shift network was inserted at the receiver
IF frequency. An Adams-Russell HH-50 hybrid junction sum-difference net-
work was employed. Signal power-splitting and mixing operations were
performed with a Trak Model 108 antenna wulticoupler, Adams-Russell TN-50
I1so-T's, and Hewlett-Packard Model 1(514-A mixers.

The second type of receiving antenna, employed for two of the experi-
ments, 1s a horizont:! rhombic antenna with a leg length of 183 ft and a
total length of 361 ft.

For most transmissions a horizontally polarized Granger Assoclates
Model 747L wive log-periodic antenna mounted between two 140-ft steel
towers was ewployed. A cross-polarized log-periodic pair similar to that

described above was used for experiments discussed in Chapter V.

B. Experiments To Confirm the Existence of Polarization Rotation

with Frequency

The existence of polarization rotation with frequency was confirmed
by performing a series of four experiments in which amplitude vs freq.ency
records of individual modes of propagation were obtained. The frequency
of the appropriate audio output signal of a high-frequency FM-"W oblique-
path sounder corresponds to the corresponding path group time delay.
These data allow individual modes (e.g., one-hop lower rays) to be se-
lected by simple bandpass filtering. The selected signal can be sub-
sequently displayed on a chart recorder to provide a record of signal
amplitude vs frequency along a given ray. A typical winter-noon oblique
ionogram is shown in Fig. 13 with the chart-recorded amplitude vs fre-
quency behavior of its one-hop lower ray. The ionogram was made by
sweeping the FM-CW sounder over the 4 to 30 MHz band. Only traces cor-
responding to F-layer reflections appear because the transmitting antenna
pattern does not favor low-angle (or E-layer) mod2s, -ad because the re-
ceiving antenna has a similar characteristic due to shielding by a nearby

hill. An explanation for the sharply defired amplitude nulls appearing
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(b) Amplitude vs frequency behavior of the one-hop lower ray

Fig. 13. EXAMPLE OF DATA-REDUCTION TECHNIQUE.

on the records is provided by the first experiment. All signals were
transmitted with a power of approximately 60 W.

The first experiment, performed 1 March 1967, employed one receiver
(a Hallicrafters MHR-25-1) whose input was rapidly switched from the
horizontally to the vertically pclarized antenna. A block diagram of the
experiment is shown in Fig. 14. Ionospheric conditions during the experi-
ment correspond to those shown in Fig. 13a. The coaxial relay was switched
at a 5 Hz rate, thereby alternately sampling a 100 kHz bandwidth every
0.1 sec from each antenna. A display of the amplitude vs frequency be-

havior of the one-hop lower ray using this technique is shown in Fig. 15.
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ANTENNA

y |COAXIAL
\-E RELAY
VERTICAL -
ANTENNA

RECEIVER QUTRUY

LOCAL SWEEP
SIGNAL

Fig. 14. BLOCK DIAGRAM OF ANTENNA-SWITCHING EXPERIMENT.

Fig. 15. AMPLITUDE VS FREQUENCY BEHAVIOR OF THE ONE~-HOP LIWER RAY
DURING ANTENNA-SWITCHING EXPERIMENT.

This record demonstrates that when a signal null appears at a given fre-
quency on one of the linearly polarized antennas, a signal maximum appears
at the same frequency on the orthogonal antenna. This suggests that (1)
the incoming polarization is linearly polarized, and (2) it is rotating
with frequency. The latter effect is clearly demonstrated, however, only
in the slow polarization-rotation region at the left-hand side of the
record shown in Fig. 15.

Accordingly, on 3 March 1967 a more complex experiment was performed
which invnlved simultaneous reception of signals on the two orthogonal
linearly polarized antennas, as shown in Fig. 16. Collins 75S-3 recelivers
were employedi. The amplitude vs frequency characteristics »f one-hop
lower rays received simultaneously in this manner are presented in Fig.
17. Part of the ionogram mai‘e from signals received on the horizontally
polarized antenna is also shown. One can compare the amplitude vs fre-

quency record of the horizontally polarized chart-recorded signal "blob
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Fig. 16. BLOCK DIAGRAM OF THE TWO-RECEIVER
EXPERIMENT.

VERTICAL

- HORIZONTAL

FREQUENCY (MHz

Fig. 17. RESULTS OF THE TWO-RECEIVER ZXPERIMENT.
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for blob" with the oblique-ionogram record. The data confirm the results
of the first experiment for all frequencies of the one-hop lower ray, even
for that part of the ray when the null rate is most rapid (near the MUF).
The 90° phase shift observed in the outputs of the two antennas 1s ex-
pected from the theoretical rotating linear polarization model.

The results shown in Fig. 17 suggest that the frequency rate of polar-
ization rotation first decreases and then increases with increasing fre-
quency along the one-hop lower ray. A graph of polarization rotation

rate vs frequency is shown in Fig. 18. Polarization rotation rate is

201

POLARIZATION -ROTATION RATE (turns/MHz)

FREQUENCY (MM2)

Fig. 18. EXPERIMENTALLY DETERMINED
POLARIZATION ROTATION RATE VS FRE-
QUENCY.

obtained by measuring the bandwidth subtended by successive amplitude
nulls as a function of frequency. The incoming polarization rotates 180°
between these nulls. Similar variations of polarization rate were ob-

served on nearly all soundings made over this path since the experimental
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equipment was first installed in December 1966. This effect, which is
not predicted by the calculations of Section II-D, is discussed in Section
C below.

in order to demonstrate more clearly the effects of polarization
rotation as a function of frequency, and also to test one of a number
of methods for eliminating the amplitude vs frequency variations produced
by polarization rotation, signals were received simultaneously using hor-
izontall, and vertically polarized antennas and both senses of circularly
polarized antennas nm 14 April 1967 at local noon. A block diagram for

the experiment is shown in Fig. 19. (The square boxes in the figure are

' {RECEIVER }—ou OUTPUT
V I (90° PHASE SHIFT
HORIZONTAL Q;LI F _L‘

ANTENNA

SUM-DIFF

VERTICAL LE
ANTENNA

LOCAL SWEEP
SIGHAL

Fig. 19. BLOCK DIAGRAM OF THE CIRCULARLY POLARIZED
ANTENNA EXPERIMENT.

power splitters.) Theoretically, varjations in the incoming polarization
angle of a linearly polarized wave sho:ld not affect <ignals received on
a circularly polarized antenna. The res .. . experiment 1is best
demonstrated by comparing four simultzneously recorded ionograms, shown
in Fig. 20. The nulls appearing on the records of the linearly polarized
antennas do not appear on those made with the circularly polarized pair.
The horizontal trace near the bottom of Fig. 20c is due to 60 Hz hum.
Repetitive FM-CW sounder transmissions over the 18 to 19.5 MHz band
were transmitted over the Lubbock-Stanford path at 1840 GMT on 17 Decem-
ber 1966. The signals were received on the rhombic antenna in order to

providc puiarization data simultaneously over a portion of the upper and
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lower one-~hop rays. An ionogram made prior to the test is shown in Fig.

21. A half-second dead time was inserted between each 1.5 sec sweep to

4 mesc

RELATIVE

GROUP DELAY

FREQUENCY (MHz)

Fig. 21. TIONOGRAM MADE PRICK TO UPPER-
AND LOWER-RAY POLARIZATION MEASURE-
MENTS.

provide frequency and time calibration. Data were taken in this manner
for 5 min. A typical group delay vs frequency record of the repetitive
sweeps is shown in Fig. 22 together with the amplitude vs frequency rec-
ords of the upper and lower rays. The modes were separated with two
bandpass filters. The experiment showed that the upper ray of one-hop
modes possesses amplitude fluctuations due to polarizavion rotatlon with
frequency that are far higher than those of the lower ray. This result,
predicted by the computer calcuiations of Chapter II, is interpreted in
Section C.

C. Comparison with Theoretical Predictions

The theoretical predictions of the frequency-rate of polarization
rotation presented in Chapter II do not account for the anomaloug vari-
ation of polarization rotation rate along the lower ray of the one-hop
mode. This effect may be understood by applying the results of Chapter
ITI-E. It was found experimentally that for the one-hop lower ray, the

polarization rotation rate invariably first decreased with increasing
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(a) Tonogram representation of signals
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(b) Chart recorded signals

Fig. 22. AMPLITUDE VS FREQUENCY BEHAVIOR OF THE UPPER AND LOWER
ONE-HOP RAYS.

frequency (polarization blobs getting longer), and then increased with in-
creasing frequency until the MOF was reached. A possible explanation for
this phenomenon is that, as the frequency increases, the two magnetoicnic
components become closer together in relative time delay, cross, and then
separate again, as shown in Fig. 23. This effect is believed due to the
presence of lower ionospheric layers not included in the theoretical model.
Experimental confirmation of the group time and polarization equiv-

alence was obtained by processing the group time vs frequency record of
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FREQUENCY ———

(a) Low-resolution record

GROUP DELAY —

FREQUENCY ———t-

(b) High-resolution record

Fig. 23. EQUIVALENT REPRESENTATIONS BY
POLARIZATION NULLS AND DIFFERENTIAL
GROUP DELAY.

Fig. 22 to a higher resolution. Higher resolution was obtained by playing
the audio-frequency data tape into the spectrum analyzer at four times

the real-time speed. This has the effect of narrowing the bandwidth
inalyzed by each filter. The results, shown in Fig. 24, indicate that

the upper-ray blobs of Fip. 22 are actually two magnetoionic rays. The
decreasing rate of polarization nulls at higher frequencies observed in
Fig. 22b is due to a decreasing group time spacing of the ordinary and
extraordinary rays. The fine, evenly spaced verticai lines in Fig. 24

are due to individual oscilloscope traces. The group time delsay spacing
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Fis. 24. HIGH-RESOLUTICN RECORD OF DATA PRESENTED IN FIG. 22.

observed in this manner corresponds to that predicted from the observed
polarizaticn rate: 25 us at the lower frequency end of the records.

The higher rotatiosn rate observed on the upper ray relative to the
lower ray 1s due to the larger magnetoic~lc group time differential. The
average values of observed polarization rcotation rate are of the came

order of magnitude as that predicted in Chapter IJ for F-laye:r paths.

D. The Fffects of Polarization Rotation with Frecuency as a Function

of Time

in order “5 understand che effects of polarization rotation witk fre-
quency as a function of time, an experiment was performed on 24 and 25
Fzbruary 1967 utilizing a repetitively swept high-frequency FM-CW sounder.
Z“very half hour a 4 to 30 MHz fregquency sweep record was made in order to
p.oduce an oblique ionogra.-* in the time interval between these full
sweeps, 4.9 MHz bandwidths were repetitively swept once eacn 5 sec for 2
min over nearly adjacent portions of the HF band in order tc provide a
record of the manne: in which the amplitude nulls on oblique ionogrems
move as a function of time. The experimental sequence was repeated
throughout the daytime hours. The results presented in Figs. 25 and 26
for 2200-2230 GMT ar: typical of those observed.
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(b) Amplitude vs frequency record

Fig. 25. TIONOGRAM AND LOWER-RAY ONE-HOP AMPLITUDE
VS FREQUENCY RECORD FOR 2200 GMT ON 25 FEBRUARY 1967.

The 7/ 10gram for 2200 GMT and the corresponding diode-detected ac-
plitude vs frequency variations of the one-hop layer ray are shown in Fig.
25. These records are indicative of the nearly constant ionospheric con-
ditions that were present during the half-hour test period. Portions of
the one-hop lower-ray repetitive amplitude vs frequency records are shown
in Fig. 26 for 16 to 20.9 *Hz and for 22 to 2/).8 MHz.

Comparison of successive records indicates that amplitude

A sweep was made
every 5 sec.
nulls move in the frequency spectrum as a function of time. The records

suggest the following:
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(a) 16~20.9 MHz band {(b) 22-26.8 MHz band

Fig. 26. TIME-SEQUENTIAL 5 SEC AMPLITUDE VS FREQUENCY
SAMPLES OF THE ONE-HOP LOWER RAY.

1, The amplitude nulls that appear are not as deep as those ¢b-
served (although at different time.s) with the leog-periodic
. rray because the rhombic receiving antenna was not as truly
1..~1rly polarized as the LPA.

2. Tne amplitude maxima shift in radio frequency as a function
of time, but the null-co-null spacings between a given fre-
quency interval remain roughly counstant.

3. The nulls shift with time more rapidly at higher frequencies.
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An explanation for the apparent motion of the nulls is that their posit’on

in the spectrum must change, at any given frequency, in accordance with
the effects of polarization rotation with time. A . pica. measured value
for the time required for a change from a null to a maximum at a given

frequency was 20 sec. The effects are illustrated in Fig. 27.

SIGNAL
AMPLITUDE

\“CENTER FREQUENCY
CF TRANSMISSION

L- FREQUENCY

(a) Cross-polarized center frequency

) SIGNAL
AMPLITUDE

2\
N_ 1 AT

\- CENTER FREQUENCY

OF TRANSMISSION
L- FREQUENCY

(b) Parallel-polarized center fr.quency

Fig. 27. EFFECTS OF POLARIZATION ROTA:{ION WITH
TIME AND FREQUENCY.

E. Correlation Descrintion of Polarization Phernomena

A measurement technique is presented for determining ionospheric
channel amplitude and phase statistics as a function of time a:d frequency.
Knowledge of channel statistics is fundameutal to “he design of adaptive

HF communication systems. In addition to describing the ionospheric
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channel signal transfer function, amplitude statistics describe the change
of incoming signal polarization. Primary attention is given to the ampli- 5
tude statistics of the ionospheric channel, although the technique may
be employed also to study phase path statistics. Some of the results of
this section have appeared previously in Ref. 12.
On 17 December 1966 at approximately 1900 GMT, an FM-CW sweep-fre-
quency HF sounder was swept repetitively at a 1 MHz/s rate over the 16
to 16.5 MHz band as illustrated in Fig. 28. The transmitted signal main-

tained a constant amplitude and a coherent phase across the spectrum.

—ﬁ 05s%¢c |—

Fig. 28. TRANSMITTED WAVEFORM.

o
»

FREQUENCY (MH7)

TINE

At the time of the experiment, propagation ove: this range of frequencies
was by one-hop mode, as shown in the ionogram in Fig. 21, made a half
hour before the experiment.

A strip chart of both the audio signal and its amplitude envelope
was recorded for 485 of the half-second sweeps (a total recording time
of 4 min, 2-1/2 sec). Part of this record is shown in Fig. 29. The
amplitude curves on the charts were manually smocthed, using the full-
signal record as a guide, to eliminate the effects of interference bursts
that are produced whenever a fixed-frequency radio transmission is swept
over. The result of this analysis is a continucus half -second sampling
of the amplitude vs frequency characteristic of the ionospheric channel
over a 500 kHz band.

The amplitude strip-rhart records were sampled 21 times per sweep

(including end points) on a Benson Lehner {scar K machine. This device
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produces punch cards on which the sweep number, sample number, and sample

value appear. An IBM 7090 computer was then emploved to determine .
statistical description of the icnospheric channel. Specifti-ally, plots
of averare correlation coefficient vs time were made using the full 500
kHz sweep, and 250, 125, and .0 kHz segments of the sweep, by correlating
all possible adjacent, alternuie, and more widely separated sweeps. A
simple correlation average was then determined for each of the possible
time spacings. The formulas employed in these computations are presented
in Appendix A. The results, shown in Fig. 30, indicate the rapidity witi
which the amplitude vs frequency characteristic of the ionospheric channel
under test changes with time. It can be seen that for all cases considered,
the amplitude characteristic decorrelated to approximately 1/e in about
3 sec.

Computations to determine the average autocorrelation coefficient as
a function of frequency were made using frequency segments from 50 to 450
kHz., The nature of the autocorrelation function employed (see appendix) A
is that the largest number of autocorrelation sample values are obtained
for the smallest frequency segment. The computer autocorrelated each of 3
the sweeps and then determined a simple average. The results appear in
Fig. 31. A "coherent" bandwidth, defined to be the band within which the
autocorrelation coefficient is above l/e, may be determined from the limit
of the size of the '"l/e bandwidths" as the frequency segments decrease in
size. A curve to determine this (stown in Fig. 32) indicates that the
coherent amplitude bandwidth at 16.23 MHz was 70 kHz.

The data shown in Figs. 30 and 31 may also be interpreted in terms
of average changes in the incoming polarization as a function of time and
frequency. Measurements of the distance to tie first null of che shorter-
segment correlation curves indicage that the incoming polarization of the
one-hop lower-ray mode rotates an average of a half-turn once every 10
sec at a given frequency, and once every 100 kHz at a given instaat of

time.
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Fig. 31. AMPLITUDE AUTOCORRELATION AS A FUNCTION OF FREQUENCY.
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Fig. 32. AMPLITUDE AUTOCORRELATION BANDWIDTH VS
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Chapter IV

THE EFFECTS OF POLARIZATION ROTATION AND PHASE DELAY
WITH FREQUENCY ON OBLIQUE~-PATH HF SIGNALS

The effects of ionospheric polarization rotation and phase delay with

frequency on HF communications were investigated and the results are pre- ]
sented here. Tonospheric factors affecting skywave propagation are first
considercd in order to develop a system model for the transmission path.
Phase distortion is then considered, including a review of definitions

of coherent bandwidths based on phase nonlinearities. A new definition

is offered for a coherent bandwidth, called polarization bandwidth, which
is a tunction of the ionospheric polarization rotation rate with frequency.
A linear system model for the ionospheric channel, including the effects
of both phase and amplitude variations, is proposed from which predictions
are made of pulsed signal distortion over ionospheric paths. The con-
cluding sections deal with applications of the results in choosing the
polarization of communications antennas tc minimize signal distortion,

and in adaptively '"equalizing" ionospheric channel dispersion.

The relation between signal distortion due to phase effects and
measurable lonospheric parameters has been considered previously by vari-
ous researchers: Budden [3] relates the shape of the group time vs fre-
quency .race on vertical ionograms to channel phase noalinearities.
Sollfrey [13] relates received pulse shape to the magnitude of quadratic
phase nonlinearity. Vetzel {14] proposes a coherent bandwidth criterion
based on phzse nonlinearities, and evaluates it using assumed linear and
quadratic electron density profiles (see Section C). Peterson and Vesecky
{15] consider the effects of linear and quadratic delay distortion on the
shape of snort RF pulses. Signal distortion has been discussed as a sub~-

ject unrelated to physical phenomena by Sunde [16] who considers the

effects of linear and quadratic phase distortion on CW signals with vari-
ous forms of imposed modulation. Rice [17] considers the effects of dis-
tortion on FM signals. Signal distortion criteria are defined by Davydov

18] for small nonlinear deviations in amplitude and phase (see Section C).
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A. A Model for Signal Propagation in the Ionosphere

A time-invariant linear system 1s proposed as a model for a slowly
varying ionospheric channel which includes the transmitting and receiving
antennas. Additive atmospheric ncise is neglected, since the noise ampli-
tude is not a function of the amplitude of the transmitted signal--a
circumstance that violates tne linearity assumption. In addition, the
assumptions of time invariance and linearity require that doppler shifts
due to ionospheric motions be neglected because such phenomena change the
sigral component frequencies.

The Fourier theorem states that any wave is equal to the sum of its
harmonic components. This implies that a sufficient description for an
lonospheric channel is obtained by specifying the change of the amplitude
and phase (the two variables necessary for a specification of a fourier
component) experienced by each harmonic wave passing through the channel.
Every frequency component at the input appears at the ouput; and only
the zeroth-order derivatives of amplitude and phase are nonzero.

An ionospheric channel of the above form exists for every possible
path Letween transmitter and receiver. Parallel linear channels acd,
however, so the channel may be thought of as possessing either one trans-
fer functinn or many transfer functioans. It will be found useful in a
later section to consider the ionosphere as the sum of two signal transfer
functions, one for each of the magnetcionic components. In the following
section, however, which deals with signal distortion due to phase non-
linearities, the charnel will be assumed to consist of a single ilonospheric
path. This latter model descrihes a single mode (e.g., one-hop lower

ray) path where intramode multipatk is neglected.

B. De:ermination of Channel Characteristics from Oblique Ionograms

An analytic form for the ionospheric transfer function is here de-
fined in terms of measurable ionospheric parameters. Under the assumptions
of Section A, the transfer function of an ionospheric channel may be
written as A(f) ej¢(f), where A(f) and ¢(f) are amplitude and phase,
respectively. Discuasions presented in Chapters II and III indicate that
A(f) may be determined from the regular amplitude variations appearing

on oblique ionograms. For non-characteristically polarized antennas,
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A(f) 1= nearly completely determined by polarization effects.

The relation between measurable ionospberic parameters and the phase
vs frequency transfer function of the ilonosphere is well known (3, 13-15].
The phase function ¢(f) 1s expzanded in a Taylor series about the center
frequency of transmission. The Taylor coefficients are then related to
the frequency derivatives of the time delay vs frequency characteristic
that appears on oblique ionograms. If ¢(f) 1is linear in f, there is
no signal distortion but only a time delay equal to 3¢/3f. Thus,

2
3¢ 1 9% 2
o(f) = ¢(fo) + £ (f-fo) + ET-;—E (f-fo) I 500
f f
o fo

1s related to the group time delay by use of the relation T(f) = 3¢/9f,
For smoothly varying Tt(f) functions, only the slope and curvature need
be evaluated, as the contributions from higher order terms are small. It
can bz shown (3] that if the ccntribution from either the slope or the
curvature of T(f) 1s much larger than the other terms, then the series
may be written in closed form as a tabulated integral. In summary, by
application of the above-described procedure, ¢(f) and A(f) may be
determined from an experimentally generated oblique ionograr in order to
evaiuate the effect on signal shape of phase and polarization variations

in the ionospheric channel.

C. Distortion Criteria and Coherent Baudwidths

A new distortion criterion is proposed which relates the level of
tolerable signal distortion to measurable ionospheric pare¢meters. The
sriterion, which is stated in terms of a coherent bandwidth, is evaluated
as a function o. frequency and azimuth in order to aid in the design of
HF communication circuits. Some werk concerning signal distortion criteria
has been done previously. Davydov [18] argues that small deviations
8A(£f) from constant A(f) and small nonlinearities 4¢(f) in ¢(f)
should be measured not in terms of their absolute values but in terms of

the signal transform S(f) by use of the "supplementary" signals:
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o (t) = 3 j; S(£) 86 (f) sin 20 ft df

A(t) -% j‘; S(f) LA(f) cos 21 ft df

These supplementary signals are the difference between the output and in-
put time functions of a modelel ionospheric path. They are a function of
the "error" of the channel and, in fact, are the time functions which de-
scribe the additional signal “tails" which appear added onto a pulse after
transmission through a dispersive medium. This interpretation has validity
only for slight deviations from the nondispersive case. Wetzel [14] ex-
tends the above results by defining a percentage distortion factor D,

I S(f) a¢ (f) df

=00

D = 100
S(f) df

©

which he employs as a measure of path distortion. iHe shcws that vhen (nly
quadratic or cubic nonlinearity in ¢ (f) is present, a simple relation
exists between D and the bandwidth W of S(f), where S(f) 13
assumed to posseas a constant amplitude in the frequency domain. That is

to say, the expression

W

1
D = 100 5 J’ AG(E) df
=W

simplifies into a simple algebraic relation between a single coefficient
of the Taylor series of 4$(f) and W, for a predetermined value of D
which is set by experience. If the phase nonlinearity is of the form
u(Aw)2 (quadratic nonlinearity), or y(Am)3 (cubic nonlinearity), then,
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for a value of D of 10 percent, W= 1.7 a an. 1.9 7- \  re-
spectively. The above criterior for 10 percent distortion requires that
¢ =289 for W= 1, or that ¢ varies as 2.89(Aw)2 = 104(Af)2. Thus,
there are many cycles of phase variazions across W.

Under quiet jonospheric conditioms it has been noted by this author
that the shapes of the modes appearing in oblique ionograms remain re-~
markahly coustant over periods in the order of tens of minutes. Thus,
¢(f) changes slowly. However, as discussed in Chapter III, A(f) changes
continuously as a function of polarization rotation with time. The fre-
queucy rate of amplitude nulls (or polarization rotation), however, re-
mains quite constar  changing approximately with the rapidity of changes
in ¢(f). 7This suggests defining a channel "coherent' bandwidth in terms
of the frequency rate of polarization rotation as a function of frequency
rather than in terms of ~n instantan2ous A(f). S‘nce the A(f) function,
at least for linearly polarized antennas which are commonly employed in
communications today, is predominantly a function of polarization rotation,
it seems reasonable to call the amplitude figure of merit the polarization
bandwidth. For a general class o. signals, the effects of polarization
rotation first appear when the incoming polarization varies more than 90°
over the signal bandwidth. This is the minimum bandwidth zt which a
communications link designer might begin to consider the effects of polar-
ization rotation with frequency. Hence we shall define the polarization
bandwidth as the signal bandwidth, about a given center frequency, within
which the polarization rotates 90°. This angle was chosen over 180°,
which is the angle of polarization rotation corresponding to the null-to-
null spacings on oblique ionograms, because it was desired to have a band-
width criterion below which signals could be transmitted without appreciable
envelope distortion. The amplitude variations imposed by various defini-
tions of polarization bandwidth are shown in Fig. 33.

Polarization bandwidth can be easily determined from the amplitude
nulls appearing on oblique ionograms. Theoretical values of polarizacion
bandwidth as a function of frequency and azimuth are pvesented in Fig. 34
for the 2000 km one-hop path considered in Chapter II. Polarization band-
width decreases with increasing frequency and with increased alig.ment
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